Based on the near infrared spectra (R ≈ 20000) of M dwarfs, oxygen abundances are determined from the ro-vibrational lines of H 2 O. Although H 2 O lines in M dwarfs are badly blended each other and the continuum levels are depressed appreciably by the collective effect of numerous H 2 O lines themselves, quantitative analysis of H 2 O lines has been carried out by referring to the pseudo-continua consistently defined by the same way on the observed and theoretical spectra. For this purpose, the pseudo-continuum on the theoretical spectrum has been evaluated accurately by the use of the recent high-precision H 2 O line-list. Then, we propose a simple and flexible method of analyzing equivalent widths (EWs) of blended features (i.e., not necessarily limited to single lines) by the use of a mini curve-of-growth (CG), which is a small portion of the usual CG around the observed EW. The mini CG is generated by using the theoretical EWs evaluated from the synthetic spectrum by exactly the same way as the EWs are measured from the observed spectrum. The observed EW is converted to the abundance by the use of the mini CG, and the process is repeated for all the observed EWs line-by-line or blend-by-blend.
Introduction
Presence of water in stellar photospheres has been predicted based on the theory of thermochemistry (e.g. Russell 1934) , and the observational confirmation has been done on a Mira variable star at the infancy of the infrared spectroscopy (Kuiper 1962) . However, detailed observations of water vapor in celestial objects have been hampered by the obscuration of the water vapor in the Earth's atmosphere. For this reason, the most clear demonstration of the water vapor in stellar atmospheres has been done by the balloon-born telescope known as Stratoscope II on several red giant and supergiant stars (Woolf et al. 1964 ). This pioneering undertaking had been taken over after 30 years by the Infrared Space Observatory ISO (Kessler et al. 1996) , which revealed that water exists everywhere in the Universe. Now, water (H 2 O) may be assumed to be the third abundant molecule next to H 2 and CO in the Universe.
Meanwhile, important progress on the high resolution infrared spectroscopy has been achieved already in the 1970's, despite the rather noisy infrared detectors at that time. This has been made possible with [Vol. , the Fourier Transform Spectroscopy (FTS) pioneered by Connes (1970) and further developed at Kitt Peak National Observatory (e.g., Ridgway & Brault 1984) . Based on observation of cool M giant Mira variable stars with the FTS of KPNO 4m Telescope, a detailed study on the high resolution H 2 O spectra on celestial object outside the solar system has been done by Hinkle & Barnes (1979) for the first time, with the use of the molecular data on H 2 O known at that time. Their analysis based on the curve-of-growth method revealed complicated behaviors of H 2 O spectra, and showed the presence of a very cool layer different from the pulsating photospheric layer. This first attempt at analyzing the spectra of H 2 O in M-type Miras showed that the H 2 O spectra contain a wealth of information on the coolest outer atmosphere where stellar photosphere and cool circumstellar layers interact.
Next detailed study on high resolution celestial H 2 O spectra has been initiated with the detection of many H 2 O lines on sunspot umbral spectra with the FTS of the National Solar Observatory at Kitt Peak (Wallace & Livingston 1992; Wallace et al. 1995) , followed by detailed laboratory analyses of hot H 2 O spectra (Polyansky et al. 1997; Zobov et al. 2000; Tereszchuk et al. 2002) . Then detailed laboratory and theoretical works on hot water have been continued by many groups as reviewed by Bernath (2002) . As the fruits, an extended line-list of hot water based on the laboratory analysis has been completed (Zobov et al. 2008) . Also, a high-accuracy H 2 O line-list comprising over 500 million transitions has been completed based on an ab initio approach (Barber et al. 2006) , and compiled in large databases such as HITEMP2010 (Rothman et al. 2010) . The recent progress achieved in the molecular database constitutes the most important basis for the high resolution molecular spectroscopy of celestial objects.
On the other hand, H 2 O molecule has been recognized as an important source of opacity in cool gaseous mixture such as the photospheres of M-type stars (e.g., Tsuji 1966; Auman 1967) , and the H 2 O opacity has been applied to initial attempts of constructing model photospheres of M dwarfs (e.g., Auman 1969; Tsuji 1969) . The observational manifestations of water in M dwarfs have been done from low resolution spectra and progressive importance of H 2 O as an infrared opacity source in cooler M dwarfs has been well established (e.g., Berriman & Reid 1987; Tinney et al. 1993; Jones et al. 1994) .
The high resolution spectroscopy has been more difficult for such faint objects as M dwarfs until recently. Even with the FTS, M dwarfs were too faint and we know only one pioneering attempt at analyzing the infrared high resolution spectra of M dwarfs by Mould (1978) . However, recent progress in infrared spectroscopy with the new infrared detectors finally made it possible to observe infrared spectra of faint objects including M dwarfs at high resolution (e.g., Önehag et al. 2012) . We started to explore such a new possibility opened by the progress of infrared spectroscopy with the use of the echelle mode of InfraRed Camera and Spectrograph, IRCS (Kobayashi et al. 2000) at Subaru.
Although the fundamental parameters such as the effective temperatures needed for spectroscopic analysis were poorly known for M dwarfs until recently, recent progress of stellar interferometry has finally resolved this problem and accurate effective temperatures are now known based on the measured angular diameters. We found that the effective temperatures, T eff , based on the interferometry (Boyajian et al. 2012 and references cited therein) and supplemented by those based on the infrared flux method for cooler M dwarfs (Tsuji et al. 1996) , show a fairly tight correlation with the absolute magnitudes at 3.4 µm, M 3.4 , based on the WISE data (Wright et al. 2010 ). Then we proposed a simple method to infer T eff from M 3.4 available to almost all the M dwarfs we have observed (Tsuji & Nakajima 2014 ; hereafter be referred to as Paper I).
Another problem in the quantitative analysis of the spectra of M dwarfs is that the continuum levels cannot be seen because of the veil opacity due to numerous molecular lines, especially of H 2 O. For this difficulty, we showed that the spectroscopic analysis of M dwarfs can be done by referring to the pseudo-continuum levels both on the observed and theoretical spectra. This is possible since the pseudo-continuum level on the theoretical spectrum can be evaluated accurately thanks to the recently developed high precision H 2 O line database (Paper I). It can be shown that the quantitative analysis of the spectrum referring to the pseudo-continuum is essentially the same as that referring to the true-continuum.
In this paper, we use the observed data introduced in Paper I (as for detail, see its Table 1 ) in which we analyzed the CO spectra. In this paper, we focus our attention to the H 2 O spectra. We first summarize the basic physical parameters and model photospheres of M dwarfs we study in this paper (section 2). Then, we examine the H 2 O spectra in the K band region (section 3). We analyze a portion of the spectral region with the strong H 2 O features in the midst of the 1.9 µm band (section 4) and another portion with relatively sparse H 2 O blends in the tail of the H 2 O 2.7 µm band (section 5). We will show that H 2 O is an excellent abundance indicator of oxygen in M dwarfs (subsection 6.1) and oxygen abundances in 38 M dwarfs have been determined (subsection 6.2). We summarize the method of abundance analysis which is essentially very simple (subsection 6.3). We close our discussion with a prospect on the spectroscopy of H 2 O in stellar spectra other than M dwarfs (subsection 6.4).
Fundamental Parameters and Model Photospheres of M Dwarfs
We summarize the basic parameters of our 42 program stars in Table 1 . Following the object names in the first column, the spectral types given in the second column are from Joy & Abt (1974) for 29 M dwarfs (those beginning with dM in Table 1 ), from SIMBAD for the 12 cases (those beginning with M), and unknown for the remaining one object (GJ 768.1C) . The values of T eff and log g given in the third and fourth columns, respectively, are those used in our analysis of CO in Paper I. In dis-cussing the values of T eff , however, we used the WISE All-Sky Release in Paper I to obtain M 3.4 , the absolute magnitude based on the WISE W 1 flux, throughout. Later we notice that there is a new version referred to as the AllWISE Catalog. According to the AllWISE Explanatory Supplement 1 , the W 1 and W 2 photometric sensitivity is better in the AllWISE Catalog than in the WISE All-Sky data we have applied in Paper I. However, it is also noted that the sources brighter than W 1 < 8 mag may have better photometry in the WISE All-Sky Catalog than in the AllWISE Catalog.
We have examined the AllWISE data and find that the results for some K and M dwarfs we have used as calibrators of M 3.4 − log T eff relation in Paper I were changed to unreasonable values that may suffer the saturation effect or even some objects disappeared from the database. As a result, the number of calibration sources using T eff values by interferometry (Boyajian et al. 2012) decreases from 27 to 15 and those using T eff values by the infrared flux method (Tsuji et al. 1996 ) from 9 to 7. But we add three new M dwarfs for which angular diameters are measured anew (von Braun et al. 2014 ) and thus the number of calibration stars is 15 + 7 + 3 = 25 as shown in Tables 10 &  11 (Appendix I) . These data of Tables 10 & 11 are plotted in Fig. 18 (Appendix I), on which the mean M 3.4 − logT eff relation from Fig. 1 in Paper I is reproduced. Despite some changes in the WISE database, the AllWISE data are consistent with the mean M 3.4 − logT eff relation based on the WISE All-Sky Catalog. We reanalyze a few objects with F 3.4 > 8 mag in Table 5 of Paper I with the data of the AllWISE, but the resulting T eff values agree within 10 K with the results based on the WISE All-Sky data. Since most of M dwarfs in Table 5 of Paper I are brighter than F 3.4 = 8 mag, we decide to use the results of Table 5 in Paper I to all the objects 2 . We also apply the same model photospheres used in the analysis of CO in Paper I, and these models are given in the fifth column of Table 1 . The model photospheres are designated by cloud type/abundance case/T eff /log g as in our model database referred to as the unified cloudy model (UCM) 3 . The cloud type is defined to characterize the thickness of the dust cloud formed in the photospheres of cool dwarfs. The dust cloud forms at the condensation temperature T cond and dissolves at a critical temperature T cr because dust particles become too large and precipitate. Thus dust cloud exists in the region of T cr < ∼ T < ∼ T cond , where T cond is fixed thermochemically. Then, thickness of the cloud depends on T cr which is a free parameter in our UCMs and used to define the cloud type (as for details see Tsuji 2002; 2005) . The cloud type 1 http://wise2.ipac.caltech.edu/docs/release/allwise/expsup. 2 This also applies to the values of T eff of three objects for which angular diameters have been measured (von Braun et al. 2014) after Paper I was completed, for consistency of our analysis with that of Paper I. Also, we wonder why T eff of GJ 876 by the new interferometric measurement deviates so large from the mean M 3.4 − log T eff relation, as shown in Fig. 18 (Appendix I; also see Table 14 in Paper I), as the case of GJ 725B (see Fig. 1 in Paper I). 3 http://www.mtk.ioa.s.u-tokyo.ac.jp/∼ttsuji/export/ucm2. includes a limiting case of no dust cloud (referred to as a clear case, C). Generally, dust clouds are formed in the photospheres of cool dwarfs with T eff below about 2600 K, and hence all our present sample are dust-free. Also, case a abundance is based on the classical solar abundance with log A C = -3.40 4 and log A O = -3.08 (see Table 1 in Tsuji 2002) , and case c on the downward revised solar C & O abundances of log A C = -3.61 and log A O = -3.31 (Allende Prieto et al. 2002) . We used the UCM grid in our preliminary analysis, but generated specified model for T eff and log g of each object in the subsequent analysis. These models are referred to, for example, as Ca3570c489 implying a clear model without dust cloud, with the case a abundance, T eff = 3570 K, and log g = 4.89. Table 1 : Fundamental parameters and model photospheres (p.27).
- Zobov et al. (2008) , but we soon notice that the BT2-HITEMP2010 database (Barber et al. 2006; Rothman et al. 2010 ), which we have already examined in Paper I, provides fairly accurate line positions of H 2 O lines. It has generally been thought that the ab initio approach to the molecular structure and spectroscopic data provides large line-lists but their accuracy especially on the line positions cannot be very high. However, the recently computed line-list by Barber et al. (2006) attained an accuracy to be used for identifications of H 2 O lines at last. Since intensity data are also required for abundance analysis, we decide to use the BT2-HITEMP2010 data in the following analysis. The accurate laboratory data should certainly be useful if we are to study radial velocities, for example.
Under the high density of the photospheres of M dwarfs, pressure broadening plays an important role. Usually, collision half-width γ is represented by
where γ 0 is the collision half-width measured at a reference temperature T 0 (e.g. 296 K) and gas pressure p 0 . As to pressure broadening coefficients for H 2 O perturbed by H 2 and He relevant to stellar photospheres, there are some experimental (e.g., Steyert et al. 2004 , Faure et al. 2013 and theoretical (e.g., Gamache et al. 1996) works for pure rotational transitions. We have compared the resulting collision half-widths by the H 2 and He broadening with those by the air broadening for the case of CO and found that they are not drastically different in [Vol. , by the air broadening (e.g., Rothman et al. 2010) for all the H 2 O lines in M dwarfs.
H 2 O Spectra in the K Band Region
Water molecule is a tri-atomic asymmetric top molecule having three normal vibration modes with ν 1 = 3651.7 cm −1 , ν 2 = 1595.0 cm −1 , and ν 3 = 3755.8 cm −1 (Herzberg 1945) . In the K band region, the H 2 O 2.7 µm band is mainly composed of the ν 1 and ν 3 fundamentals and 2ν 2 overtone, while the H 2 O 1.9 µm band mainly of the combination bands ν 2 + ν 3 and ν 1 + ν 2 . The model spectra of H 2 O (with resolution of R ≈ 2000) based on the BT2-HITEMP2010 line-list for four M dwarf model photospheres of T eff = 2800, 3200, 3600, and 4000 K, assuming the solar metallicity (case a ), are shown in Fig. 1 . The 1.9 µm band is still very weak in the model of T eff = 4000 K and strengthens towards cooler models. The 2.7 µm band is already visible weakly in the model of T eff = 4000 K and appears to be very strong in cooler models. We choose two portions noted as region A (20296-20391Å) and region B (22515-22935Å) in Fig. 1 for our analysis of H 2 O spectra. At the top of Fig. 1 , the atmospheric window (the K band window) in which atmospheric transmission is larger than 50 % under conditions appropriate for Mauna Kea, Hawaii, is indicated based on the data given by Cox (1999) . Both the regions A and B are in the atmospheric window. The region A is in the midst of the 1.9 µm band where H 2 O lines are strong. We select this particular region because the atmospheric absorption appears to be relatively weak by visual inspection of the observed spectra. The region B is disturbed by both the 1.9 and 2.7 µm bands least, but nevertheless some H 2 O features are found in this region in later M dwarfs. Since H 2 O lines in the region A are very strong in later M dwarfs and the pseudo-continua are depressed by as much as 15 % from the true continua 5 , we think it's useful to analyze the H 2 O lines without such heavy blendings for comparison. The H 2 O blends are sparsely distributed in the region B and we survey a larger spectral range to measure a modest number of H 2 O blends.
By the way, we have confined our analysis of CO lines in Paper I to the bandhead region of the CO 2-0 band, and it is confirmed in Fig. 1 that this region adjacent to the region B is disturbed by both the H 2 O 1.9 and 2.7 µm bands least and that it may be more difficult to analyze CO spectra in other regions, because of the severe blending of H 2 O lines. Fig. 1 : Model spectra of M dwarfs in the K band region (p.14).
-
As examples of the observed spectra in the region A near 2.0 µm, the cases of four M dwarfs are shown in Fig. 2 Table 2 6 . Following the reference number and the observed wavelength (in vacuum) in the columns 1 and 2, respectively, the wavelength, assignments of the upper and lower vibrational levels and of the upper and lower rotational levels, log gf value, and the lower excitation potential (in cm −1 ) from the BT2-HITEMP2010 are given successively after the column 3. The vibrational level is defined by the three quantum numbers v 1 v 2 v 3 representing the vibrational states of the three fundamental vibrations. The rotational level is defined by the three parameters J, K a , and K c : J is the rotational quantum number of the total angular momentum, K a and K c are the quasi-quantum numbers that in the limiting cases of the prolate and oblate symmetric rotors would become the the quantum numbers of the angular momenta associated with the respective figure axes (King et al. 1943) .
In the early M dwarf GJ 338A shown in Fig. 2a , H 2 O lines are still weak as can be inferred from Fig. 1 , but almost all the features shown by the arrows are definitely confirmed as due to H 2 O lines in this dM0.5 dwarf. However, in other early type M dwarfs, GJ 380 (dM0.5), GJ 820B (dM0), GJ 884 (dM0.5), and HIP 12961 (M0), these H 2 O features are not necessarily very clear and cannot definitely be identified, even though some of the H 2 O features can be recognized. Except for these four M dwarfs, the features indicated by the arrows are definitely confirmed as due to H 2 O lines in 38 M dwarfs out of our 42 M dwarfs. For examples, H 2 O features are well developed in the dM2.5 dwarf GJ 15A, shown in Fig. 2b , and increasingly stronger in later M dwarfs as in the dM4 dwarf GJ 611B shown in Fig. 2c . In the coolest M dwarf GJ 406 in our sample, H 2 O features are very strong as shown in Fig. 2d . The spectrum of the B type dwarf Regulus (α Leo, B7V) shown in Fig. 2e reveals the telluric lines mostly due to water vapor. Even though the region A is in the midst of the H 2 O 1.9 µm band, the telluric H 2 O lines are not so strong in this region A within the atmospheric K window, and have been removed in the observed spectra of M dwarfs rather well during the data reduction with Regulus as calibrator.
Finally, we measure the equivalent widths (EWs) of the H 2 O blends by referring to the pseudo-continuum of each object. We select those features whose profiles are well defined both on their left and right wings and, as a result, not all the blends marked by arrows in Fig. 2 are measured. The resulting values of log (W/λ) obs (where W is equivalent width) for the H 2 O blends with the reference numbers indicated are given in Table 3 . -
As an example of the observed spectrum in the region B near 2.3 µm, the case of the coolest M dwarf in our sample, GJ 406 (dM6.5), is shown in Fig. 3 . In this region, we may not expect to find many stellar H 2 O lines from Fig. 1 . However, we already know that there are many weak H 2 O features in the region of CO 2-0 band just adjacent to the region B (Paper I) and we find that there are considerable number of weak features possibly due to H 2 O blends in our higher resolution spectra (R ≈ 20000 compared to R ≈ 2000 of Fig. 1 ) of later M dwarfs. We mark these features again by arrows in Fig. 3 In the spectrum of the region B shown in Fig. 3 , some strong features are known as due to atomic lines of Ca I in the sunspot umbral spectrum (Wallace & Livingston 1992) , and these features are also noted on Fig. 3 . The spectrum of Regulus is also shown by the solid (green or grey) line in Fig. 3 . There are some strong telluric lines in the region B, and they are due to telluric CH 4 and N 2 O rather than H 2 O (Mohler 1955) . The effect of these telluric absorption has again been removed by Regulus as calibrator during the data reduction, and such a removal of telluric absorption has been done fairly well in general possibly because the telluric absorption in this region is not so strong. In fact, the removal of the telluric absorption in the regions with strong telluric absorption (of over 90% absorption) cannot be done well and some residu-als remain occasionally, while inspection of the corrected spectra in the regions A and B does not show such residuals.
We also measure the equivalent widths (EWs) of the H 2 O blends by referring to the pseudo-continuum of each object. We can measure the weak H 2 O blends in the region B in 20 out of 42 M dwarfs in our sample. These M dwarfs are mostly later than dM3.5 except for the dM2.5 dwarfs pair GJ 797B or are M dwarfs with T eff lower than 3500 K. The resulting values of log (W/λ) obs for the H 2 O blends with the reference numbers indicated are given in Table 5 . Of the four parameters that characterize stellar spectra, the effective temperature and gravity are known (see Table 1 based on Tables 3, 4 , & 5 of Paper I), and we assume the micro-turbulent velocity to be ξ micro = 1 km sec −1 as in Paper I. Then, the only unknown parameter to be determined from the spectra is abundance. Given that the carbon abundances are already known in Paper I (reproduced in Table 6 ), rough estimation of the oxygen abundances can be possible. For example, we assume a starting oxygen abundance (logarithmic) to be
where log A C is the logarithmic carbon abundance from Paper I. Note that this relationship is taken from the solar case (Allende Prieto et al. 2002) . Then, we apply a simple method using mini curve-ofgrowth blend-by-blend: We generate synthetic spectra for log A 0 O and log A 0 O + δ with the carbon abundance and the specific model photosphere for each object from Paper I (also noted in Table 1 ). We generally assume δ = ±0.1 at the beginning. For the H 2 O blends for which EWs are measured (Table 3) , we evaluate EWs, W (δ) (δ = 0,±0.1), from the three synthetic spectra we have just prepared, by exactly the same way as we measure the EWs from the observed spectrum. Especially, we refer to the pseudocontinua generally defined consistently both on the observed (see Fig. 2 ) and predicted spectra. Now, we have a theoretical mini curve-of-growth defined by log (W (δ)/λ) vs. δ = −0.1, 0.0, and +0.1, where the values of W (δ) are evaluated from the synthetic spectra as noted above. The value of the abundance correction ∆log A O to be consistent with the observed value of log (W/λ) obs from Table 3 can be determined by the use of this mini curve-of-growth. This process is repeated blend-by-blend for all the H 2 O blends measured. If the [Vol. , resulting values of ∆log A O for many blends appear to be less than -0.1, for example, we generate a synthetic spectrum for δ = −0.2 and reanalyze the same data by applying mini curves-of-growth defined by log (W (δ)/λ) vs. δ = −0.2, −0.1, and 0.0 8 . Finally, we derive the mean abundance correction from the values of ∆log A O by all the measured blends.
As an example of the above noted procedure, theoretical mini curves-of-growth for seven selected H 2 O blends on the spectrum of GJ 229 are shown by the solid lines in Fig. 4 : The reference number of each blend (see Table 3 ) is shown for the corresponding mini CG, on which the filled circle indicates the values of the observed log (W/λ) obs (read on the ordinate of More or less similar results are obtained in later M dwarfs shown in Fig. 6 . However, in the coolest end including GJ 777B (Fig. 6h ) and GJ 406 (Fig. 6j) , the numbers of blends measured decrease. This should be because the blending is so severe that the line profiles of the H 2 O blends cannot be defined well and the number of H 2 O blends measured has decreased. Nevertheless, it appears that the mini curves-of-growth analysis on the selected blends works reasonably well even for later M dwarfs in which the continua are depressed by as much as 15 % (subsection 4.3). In Figs. 5 & 6, a remarkable feature is that the abundance corrections ∆log A O plotted against the observed values of log (W/λ) obs show little systematic effect and distributed nearly horizontally. As a result, the mean abundance correction can be well determined. We will discuss on this result further in subsection 6.1.
The logarithmic abundance correction ∆log A A O , the resulting logarithmic oxygen abundance
and the number of H 2 O blends used for each M dwarf, N A , are given in the third, fourth, and fifth columns, respectively in Table 6 , following the object's name and the 8 We generally do not apply 3-points interpolation formula, but apply linear interpolation averting extrapolation as far as possible.
logarithmic carbon abundance log A C from Paper I in the first and second columns, respectively. 
Synthetic Spectra
We compare the observed spectra with the predicted ones based on the oxygen abundances log A A O obtained from the H 2 O blends in the region A for all the M dwarfs in Table 6 , and some results are shown in Fig. 7 . In the early M dwarf GJ 338B, the observed H 2 O blends (filled circles) are rather weak but most of them can be reproduced well by the predicted spectra (solid line). For this reason, we are sure that we have certainly identified H 2 O features in this early M dwarf. In other early M dwarfs including GJ 380, GJ 820B, GJ 884, and HIP 12961, we can recognize a few strong blends as due to H 2 O, but other weak features cannot be explained well as due to H 2 O lines, and we decide to exclude such cases from our analysis. In other 38 M dwarfs, the observed H 2 O blends are reproduced by the predicted spectra fairly well in general, even if the matchings of the observed and predicted spectra are not perfect. Since there may be some unknown blends other than H 2 O and some noise due to imperfect cancellations of the atmospheric lines, for example, the perfect matching may anyhow be difficult.
The candidates of H 2 O blends used for analysis are reproduced from Fig. 2 and shown by the arrows in Fig. 7c , but not all of these candidates are used in the actual analysis. For example, in the worst case GJ 777B, only five blends (log (W/λ) obs given in Table 3 ) are used in the analysis as in Fig. 6h . In this case, the pseudo-continuum can be defined (Fig. 7f ) but many H 2 O features are so strong and blendings are quite severe. For this reason, the profiles cannot reach the pseudo-continuum level and thus are not well defined to meet our criterion to accept the blends for analysis. This result implies that it is difficult to analyze the spectrum composed of the blends of many strong lines even if the pseudo-continuum can be defined. For this reason, we will analyze H 2 O blends in the region B where the blendings are not so severe (section 5).
We also evaluate χ 2 values by
where f i obs and f i cal are the observed and predicted spectra, both normalized by their pseudo-continua. N is the number of data points and σ i is the noise level obtained from the S/N ratio ( We now examine the case that the χ 2 value suggests a possible poor fitting. In the worst case GJ 406, χ 2 value is quite large and larger for our resulting oxygen abundance log A A O than for reduced oxygen abundance (Table 6 ). We show the observed and predicted spectra for this M dwarf for a) log Fig. 8a and 8b, respectively. Also shown are the H 2 O blends actually used for the analysis of this M dwarf by the arrows (see Table 3 ). Inspection of Fig. 8 reveals that the fittings of the H 2 O blends used for the analysis (those indicated by the arrows) are in fact better in Fig. 8a with larger χ 2 value than in Fig. 8b with smaller χ 2 value. The reason why χ 2 value is smaller in Fig. 8b should be due to better fittings in the features not used in our analysis. To confirm this, we exclude the spectral region not used for our analysis by masking the region between 20354.5 and 20385.2Å in our χ 2 analysis (the region filled with yellow or grey in Fig. 8 ). The result is χ 2 = 11.119 and 11.227 for log A O = log A A O and log A A O -0.05, respectively. Thus, we are now convinced that the result of the mini CG analysis is consistent with the χ 2 analysis. -
The True-and Pseudo-Continua
The analyses so far are based on the spectra normalized by the pseudo-continua. This is because the true-continuum cannot be seen on the observed spectrum. In the predicted spectrum, the true-continuum is also not shown explicitly, but it can easily be evaluated by considering the continuous opacity alone in computation. The true-continuum levels obtained in this way and the predicted spectra normalized by the truecontinua for GJ 338A, GJ 15A, GJ 611B, and GJ 406 are shown in Fig. 9 by the dotted and solid lines, respectively. The pseudo-continuous levels are also shown by the dashed lines on the predicted spectra. The ratios of pseudo-to true-continua, F pc /F tc , are estimated to be 0.986, 0.950, 0.841, and 0.856 for the model spectra of GJ 338A, GJ 15A, GJ 611B, and GJ 406, respectively. Although the true-continuum level cannot be seen in the observed spectrum, it can be estimated from the pseudo-continuum level in the observed spectrum by assuming the same F pc /F tc ratio for the observed spectrum as for the predicted spectrum. This is possible since the pseudo-continua for the observed spectra are defined well as in the predicted spectra in all the M dwarfs of Fig. 9 . The observed spectra of GJ 338A, GJ 15A, GJ 611B, and GJ 406 normalized by the true-continua estimated in this way are shown by the filled circles connected by the dotted lines in Fig. 9 . From this result, we now know that the pseudo-continua of the observed spectra in GJ 338, GJ 15A, G 611B, and GJ 406 are depressed by 1.4, 5.0, 15.9, and 14.4 %, respectively, from the true-continua. Fig. 9 : True-and pseudo-continua in four representative M dwarfs (p.21).
Analysis of H 2 O Lines in the Region B
Mini Curves-of-Growth Analysis of H 2 O Blends
In the region B, H 2 O lines can be measured in 20 M dwarfs as mentioned in subsection 3.4, and we carry out the mini curve-of-growth analysis blend-by-blend as in subsection 4.1. Some examples of the resulting ∆log A O values plotted against the observed values of log (W/λ) obs are shown in Fig. 10 for the same dwarfs in Fig. 6 for comparison. In general, considerable number of blends can be measured in dM3.5 -dM4 dwarfs which are the major constituents of our sample. The number of blends measured is rather small in the dM2.5 dwarf GJ 797B-NE and more difficult in M dwarfs with T eff > ∼ 3500 K. Actually, we measure several possible H 2 O blends in the M2 dwarf GJ 250B (T eff = 3567 K), but other predicted H 2 O blends cannot be definitively identified and we decide not to include such a case in our analysis. On the other hand, even in M dwarfs with T eff < ∼ 3500 K, it is not always possible to find sufficient number of H 2 O lines to be analyzed. For example, we cannot obtain oxygen abundances in GJ 411 (T eff = 3465 K) and GJ436 (T eff = 3416 K) from H 2 O lines in the region B. We investigate the reason for this and notice that the oxygen abundances in these stars are about log A O ≈ −3.4 (Table 6 ), which are near the lower limit in our M dwarfs (Fig. 17 ). For this reason, H 2 O lines are rather weak in these objects. Thus, the detection of weak H 2 O lines depends not only on temperature but also on oxygen abundance.
Even in the cooler dwarfs, the blendings are not so severe and the pseudo-continua are well defined. In fact, the depressions of the continuum levels estimated by the way outlined in subsection 4.3 are 3.7% in the dM2.5 dwarf GJ 797B-NE and 4.8% even for our coolest sample GJ 406. For this reason, measurements of the EWs are easier in the region B than in the region A, and a large number of lines can be measured for such cooler dwarfs including GJ 611B, [Vol. , GJ 777B, and GJ 406 (Figs. 10h-j) . Thus, the region B is definitely better than the region A for the analysis of H 2 O abundances in later M dwarfs. Unfortunately, however, the region B is not useful for the early M dwarfs in which H 2 O features are very weak.
The value of logarithmic abundance correction ∆logA B O , the resulting logarithmic oxygen abundance log A B O , and number of H 2 O blends in the region B used for the analysis, N B , are given in the fourth, fifth and sixth columns, respectively, in Table 7 , following the object's name, the value of the logarithmic abundance correction ∆log A A O and the resulting logarithmic oxygen abundance log A A O based on the analysis of the region A from Table 6 in the first, second and third columns, respectively. 
Synthetic Spectra
Since the H 2 O blends are sparsely distributed in the region B, we examine a selected region (about one fourth of the region B) shown in Fig. 11 where relatively large number of H 2 O blends are found together. The candidates of the H 2 O blends to be analyzed are reproduced from Fig. 3 and shown by the arrows in Fig. 11c , but again not all these candidates are actually analyzed as in the region A. In this region B, the central depths of H 2 O features are only about 5 % or so in the earlier sample such as GJ 797B-NE and GJ 687, and never reach 15 % even in the latest M dwarf in our sample GJ 406. The predicted spectra based on the values of log A B O shown by the solid lines generally reproduce the observed ones shown by the filled circles but some weak features are rather noisy. For such sparsely distributed H 2 O blends, χ 2 test may not be useful. -
Comparison of the Results from the Regions A and B
The differences of the values of the logarithmic oxygen abundances logA O based on the regions A and B are given in the seventh column of Table 7 . The differences appear to be less than the probable errors of the analysis in the region A as well as in the region B in most cases. We also plot the values of the logarithmic oxygen abundances log A O based on the regions B against those based on the region A in Fig. 12 for 20 objects for which analyses are done both in the regions A and B. The results from the regions A and B show no systematic difference and agree well in general.
The result outlined above implies that the analysis of spectra whose continua are depressed by as much as 15 % can provide the results not much different from the spectra whose continua are depressed by less than 5 %. Thus, it is confirmed that the spectral analysis referring to the pseudo-continua works well, and spectra whose continua are depressed by molecular veil opacity can be analyzed only if the pseudo-continua can be predicted accurately by the use of proper molecular data and if the EWs can be measured well by referring to the pseudo-continua.
----------------------- Fig. 12 : Comparison of the logarithmic oxygen abundances from the regions A and B (p.24).
H 2 O as an Abundance Indicator of Oxygen
The major difficulty in stellar abundance analysis is that the derived abundance depends on model photosphere used. For example, the solar carbon and oxygen abundances are revised downward by about 50 % (Allende Prieto et al. 2002) against the classical values (e.g., Anders & Grevesse 1989 ). This revision is based on a new solar model photosphere referred to as the 3 D model in which a time-dependent dynamical model for the convective zone has been incorporated. It is true that the classical 1 D models are too simple for the real solar photosphere and further sophistication would certainly be welcome. However, verification of the sophisticated models may be by no means easy.
For comparison, we remember another major revision of solar abundance in the past: The downward revision of iron abundance by about 50 %. This revision has been achieved by the use of Fe II lines whose gf -values were measured accurately for the first time instead of the Fe I lines used for a long time (Holweger et al. 1990; Biémont et al. 1991) . In solar photosphere, most iron atoms are singly ionized rather than neutral. For this reason, the Fe + abundance is relatively insensitive to the change of the physical condition in the line-forming region and hence will not be affected by imperfect modelling of the solar photosphere. Thus, iron abundance could have been determined accurately by the use of the Fe + lines for the first time, and the discrepancy between the solar iron abundance and the meteoritic iron abundance (Anders & Grevesse 1989 ) could have been resolved. This result was further confirmed by Grevesse & Sauval (1999) who succeeded to reconcile abundance results from the FeI and FeII lines with the use of a new solar model photosphere. The abundance determination depends on many factors, of which model photosphere is a crucial one. For this reason, stellar abundance should better be determined from the species that consumes the larger portion of an element and we refer such species as the major species for the element.
In Fig. 13 , the abundances of some molecules are plotted against the depth in four model photospheres of T eff = 2800, 3200, 3600, and 4000 K (the same models as used in Fig. 1 ). Also, we plot
on logarithmic scale in Fig. 13 by dotted lines. If almost all the carbon atoms are in CO, logy(CO) ≈ logA C ≈ −3.4. This expectation is satisfied in almost all the region of our four models in Fig. 13 and this fact confirms that CO is the major species of carbon in all our cases. Thus the carbon abundance can be determined accurately from CO, the major species of carbon, as noted in Paper I. We also plot
by dashed lines. If almost all the oxygen atoms left after CO formation are in H 2 O, log y(
Inspection of Fig. 13 shows that this case is realized for cooler models of T eff = 3200 and 2800 K, and H 2 O is the major species of oxygen in these cases. We confirm that the same situation applies to the models of T eff < ∼ 3400 K (as for details of the molecular abundances in these models, see the UCM database 3 ). In the model of T eff = 3600, P H2O ≈ P OH and H 2 O is no longer the major species of oxygen in the models of T eff > ∼ 3600 K. Thus, the oxygen abundances determined from H 2 O may depend somewhat on models in early M dwarfs of T eff > ∼ 3600 K. Since H 2 O lines are anyhow weak in the early M dwarfs, OH may also be used as another abundance indicator of oxygen. Except for the early M dwarfs, H 2 O is the major species of oxygen and can be an excellent abundance indicator of oxygen in M dwarfs.
Another advantage of H 2 O as abundance indicator may be that its thermal velocity is rather large because of its light weight. In fact, thermal velocity of H 2 O at T =3000 K is ξ th = 1.66 km sec −1 . This is considerably larger than the micro-turbulent velocity we have assumed (ξ micro =1 km sec −1 ). Since actual turbulent velocity in the photospheres of M dwarfs is not likely to be larger than the value we assumed (see e.g., Bean et al. 2006) , Doppler broadening of H 2 O lines should be dominated by the thermal velocity. This possibility may be consistent with the result that the abundance corrections ∆log A O plotted against log (W/λ) obs in Figs. 5, 6, and 10 show little tilt or nearly horizontal as a mean, as noted in subsection 4.1. If Doppler broadening is dominated by the turbulence as in (super)giant stars, the abundance corrections based on the saturated lines depend largely on the assumed turbulent velocity while those based on the weak lines are nearly independent of the assumed velocity, at least for the case of the unblended single lines. In our case of the blended lines in which several hundreds of lines per 1Å interval are overlapping, it is not known how EWs are influenced by the micro-turbulent velocity, and this problem will be investigated further hopefully with higher resolution spectra.
Since the discovery that the turbulence plays dominant role in the line broadening in stellar spectra (Struve & Elvey 1934) , how to determine the turbulent velocity has been one of the major problems in abundance analysis. In fact, one reason why the results of the abundance analyses by different authors do not agree well in general is due to differences of the turbulent velocities applied by different authors. We might have emphasized somewhat too much on the effect of micro-turbulence in the analysis of CO in Paper I even though CO is heavier than H 2 O and hence the relative role of the thermal velocity is not so large as in H 2 O. Now, so far as the spectral analysis of H 2 O in M dwarfs is concerned, the uncertainty due to the microturbulent velocity is rather minor because of the larger thermal velocity, and this fact can be regarded as an additional advantage of H 2 O as an abundance indicator of oxygen in M dwarfs.
----------------------- Fig. 13 : The major species of carbon and oxygen in the photospheres of M dwarfs (p.24).
Oxygen Abundances in M Dwarfs
We take the weighted mean (with the numbers of lines used as weights) of the oxygen abundances resulting from the analyses of the regions A (section 4) and B (section 5) for 20 M dwarfs for which the two regions have been analyzed. The results and those from the region A alone (18 objects) are summarized in Table 8 together with the carbon abundances from Paper I. Also, the classical and more recent solar carbon and oxygen abundances by Anders & Grevesse (1989) and Asplund et al. (2009) , respectively, are included in Table 8 Table 8 ) against the values of log A C as illustrated in Fig. 15 . Clearly abundances of oxygen relative to carbon are systematically smaller in M dwarfs with the larger carbon abundances. This result agrees well with the result by Gustafsson et al. (1999) who have determined carbon abundances in 80 F and G dwarfs (and oxygen abundances from Edvardsson et al. 1993) in the larger metallicity range with the use of the forbidden [CI] line, which is expected to be less sensitive to the photospheric structure and non-LTE effect compared to the other carbon abundance indicators for F and G dwarfs.
The carbon abundance may approximately represent the metallicity usually measured by the iron abundance. Then, Fig. 15 indicates that the A O /A C ratios are larger at lower metallicities and gradually decrease in higher metallicities. Thus, Fig. 15 suggests different formation histories of carbon and oxygen in the evolution of the Galaxy. After the large production of oxygen by Type [Vol. , II supernovae/hypernovae in the early Galaxy, the decrease of oxygen and carbon with increasing metallicity in the metallicity range of Fig.15 is due to Type I supernovae which produce more iron, but the decrease of carbon may be tempered by the contribution of carbon from AGB stars (Nomoto et al. 2013 ). However, the actual site of carbon production is still unclear as discussed in detail by Gustafsson et al. (1999) . In view of the advantage of CO and H 2 O as abundance indicators of carbon and oxygen, respectively, as noted in the previous subsection, the systematic decrease of the O/C ratios at the higher metallicities found in M dwarfs would provide the best observational constraint on the formation of carbon and oxygen in the chemical evolution of the Galactic disk.
We have shown in Paper I (see its Fig. 15 ) that the solar carbon abundance is atypical for its metallicity compared (Anders & Grevesse 1989 ) and the O/Fe ratio follows the general trend shown by the M dwarfs. To the contrary, the lower O/Fe ratio (marked with 2) based on the recent downward revised oxygen abundance (Asplund et al. 2009) does not follow the general trend shown by the M dwarfs, or the solar oxygen abundance is atypical for its metallicity compared with the nearby M dwarfs which is typical unevolved stars in the Galactic disk. On the other hand, it was shown that the solar abundances including oxygen are typical for its metallicity, compared to the elemental abundances in unevolved stars in the solar neighborhood (Edvardsson et al. 1993 ). The classical solar oxygen abundance (Anders & Grevesse 1989 ) is consistent with this result while the downward revised result (Allende Prieto et al. 2002; Asplund et al. 2009 ) is contradicting with this result.
So far, evolution of chemical elements in the Universe has been studied mostly from the abundance analyses of G type dwarfs including the halo sample, and there should be some reasons for this choice. For example, these stars are relatively well understood with the Sun as the prototype compared to very hot and very cool stars and, especially, many metallic lines used for abundance analysis can be observed in their spectra. However, one drawback to use G type dwarfs as tracers of the chemical history of the Galaxy, is that the photospheres of these stars may possibly be polluted by accretion of the metal-rich matter through encounter with the interstellar gas clouds during the evolution of the Galaxy, as has been pointed out first by Yoshii (1981) . In this case, the accreted matter will not be diluted well because of the shallow convective zone in the G dwarfs, and the photospheric abundances will suffer appreciable changes from the values at their birth. Recently, observational support for this possibility has been presented by showing that the metallicity in halo G dwarfs is indeed larger by about 0.2 dex compared with that in K dwarfs of the same kinematic characteristics but having deeper convective zone (Hattori et al. 2014) . Such a dilution effect may be most efficient in M dwarfs whose envelopes are wholly convective and the photospheric abundances may not be changed very much from the values at their birth. For this reason, M dwarfs could be the best tracers of the Galactic chemical evolution if chemical analysis can be extended to halo M dwarfs in the near future, and M dwarfs will provide unique contribution to our understanding on the element formation in the early Universe.
Finally, frequency distribution of oxygen abundances in 38 M dwarfs is shown in Fig. 17 . The oxygen abundances log A O in M dwarfs are mostly between -3.5 and -3.0. On the other hand, a larger fraction of M dwarfs hosting planet(s) (those noted by ‡ in Table 8) Table 9 : Oxygen-to-Iron ratios in M dwarfs (p.34).
-----------------------
----------------------

Method of Abundance Analysis
The spectra of cool stars including M dwarfs are apparently very complicated, and abundance analysis has been deemed difficult in general. We have done some trials in Paper I and in this paper to simplify the abundance analysis in M dwarfs, and we summarize our attempts.
In stellar abundance analysis, the so-called curve-ofgrowth (CG) method played an important role as detailed in the textbooks of classical astrophysics (e.g. Unsöld 1955 ). In its refined form, the so-called universal curve-ofgrowth, the growth of the equivalent width (EW) broadened by the Doppler and damping effects has been expressed in unified curves in dependence on the effective number of species producing the line. With this curveof-growth, the observed EW could be transformed to the effective number of species and hence to the abundance of element producing the line. This method has widely been applied to the stellar abundance determinations until the middle of the previous century. Despite the simplicity and wide applicability of the CG method, however, it has some drawbacks. For example, the effect of the photospheric structure could not be taken into account because of the simplified assumptions needed to compute EWs universally (i.e. for all the types of stars). Also, applications are limited to a single line with well defined profile which can be described by the Voigt profile.
To relax the problems in the CG method noted above, the so-called spectral synthesis (SS) method has been widely used in recent years. In this method, any model photosphere can be used in computing the synthetic spectrum including the blended features. Then the observed spectrum is compared with the predicted one characterized by several parameters including abundance, which are to be determined from the best fit between the observed and predicted spectra. Despite the wide use of the SS method, however, the stellar abundance determinations by different authors are still not well converged to a definite result (e.g., Lebzelter et al. 2012) . One problem is that the different line-broadenings such as the rotation, micro-and macro-turbulence could not be separated on the synthetic spectrum. In this respect, the CG method has a definite advantage in that the EWs depend on the micro-turbulent velocity but not on the other line broadening, and thus micro-turbulence could be well separated from the other broadenings by the analysis of EWs with the CG method. Also, the SS as well as CG method is based on the prerequisite that the synthetic spectra as well as EWs are measured by referring to the true-continuum.
We believe that our analysis applied in subsection 4.1 has relaxed all the restrictions involved in the analyses noted above. As to the problem of continuum, we have noticed that the spectral analysis can be carried out by referring to the pseudo-continuum if it can be evaluated accurately on the theoretical spectrum, and recent progress in molecular database indeed makes such an approach possible (Paper I). Also, analysis is not limited to a single line but any blended features can be used. What is important is that the observed and theoretical spectral features are defined by exactly the same way by referring to the same reference (i.e., either the true-or pseudo-continuum). The abundance cannot directly be obtained from the observed EW of the spectral feature selected, but can be obtained easily with the use of a simple curve-of-growth. This CG is not necessary to cover the large range of EW as in the classical CG, but it should cover the restricted portion of the CG around the observed EW. Such a mini CG can be prepared theoretically by the use of EWs evaluated from the synthetic spectra including all the lines contributing to the spectral features to be analyzed. For this purpose, it is sufficient to generate three synthetic spectra for slightly different abundances, from which theoretical EWs are evaluated by exactly the same way as EW is measured on the observed spectrum. Then abundance can be obtained for the observed EW from the three-point mini CG. This analysis is repeated line-by-line or blend-by-blend for all the spectral features measured.
The mini CG method can best be applied to H 2 O for which the pseudo-continuum level is also determined by H 2 O itself. Then, the mini CG analysis directly provides the oxygen abundance. For comparison, in the case of CO discussed in Paper I, the pseudo-continuum level is determined not by CO itself but by H 2 O and also EWs of CO measured include the contamination due to H 2 O. For this reason, derived carbon abundance includes the effect of H 2 O. Even though this effect is already included in the synthetic spectra from which EWs used for mini CG are evaluated, the result depends on the oxygen abundance assumed. For this reason, it is required to repeat the above processes by using the revised oxygen abundance if accurate result is required. In our Paper I, however, this process was skipped since the blending H 2 O lines are rather weak and will have little effect.
The micro-turbulent velocity can be determined if necessary: For this purpose, we repeat the mini CG analysis with several assumed values of the micro-turbulent velocity. The resulting abundance corrections from different lines (or blends) depend little on the observed EWs only if the assumed micro-turbulent velocity is correct. In our analysis of M dwarfs, this requirement is almost satisfied for almost all the cases (see Figs. 5, 6, & 10) for the assumed micro-turbulent velocity, but this is because the thermal broadening dominates over the turbulent broadening as noted in subsection 6.1. If the turbulent broadening is dominating, the micro-turbulent velocity is determined so that the abundance corrections depend little on the observed EWs, and some examples are shown for the case of red giant stars using unblended lines (e.g., Tsuji 2008) . It is still to be shown if the micro-turbulent velocity can be determined from the blended spectral features by the method outlined above.
We believe that our abundance analysis is essentially very simple and flexible enough to be easily applied to complicated blended spectra with depressed continuum, and we hope to have shown that the abundance analysis of cool stars is not especially difficult compared to that of other types of stars..
H 2 O in Stellar Spectra other than M Dwarfs
We have shown that H 2 O molecule can be an excellent abundance indicator of oxygen in M dwarfs. Then, we wonder if this is true for other types of stars including M type giants and supergiants which show H 2 O lines in their spectra. For example, H 2 O lines are prominent in the spectra of Mira type variables for which detailed spectroscopic analysis has been done by Hinkle & Barnes (1979) , who showed that H 2 O lines are composed of multiple components originating from different layers reflecting the complicated dynamical structures of their atmospheres. Then H 2 O lines are primarily useful as the probes of the atmospheric structures of Mira type variables and abundance analysis would be more difficult.
Spectra of water vapor were observed in red giants and supergiants other than Mira type variables, but in the ways somewhat unexpected. For example, the announce-[Vol. , ment to have detected H 2 O lines in the early M supergiant Betelgeuse (α Ori, M2Iab) by Woolf et al. (1964) was so unexpected at that time that it could not be appreciated correctly for a long time (Tsuji 2000) . Also, H 2 O lines were observed in the K giant Arcturus (α Boo, K2IIIp) with high resolution in the atmospheric window near 12 µm (Ryde et al. 2002) and in the K giant Aldebaran (α Tau, K5III) with low resolution by ISO (Tsuji 2001) . Such results are difficult to understand within the framework of the classical theory of stellar photospheres. Further, in non-Mira M giant stars, H 2 O spectra were observed by ISO but showed excess absorption that could not be accounted for by the LTE model photospheres (e.g., Decin et al. 2003 ). Such problems must be solved before H 2 O molecule can be used as an abundance indicator of oxygen in red giant and supergiant stars.
Probably the rarefied and extended atmospheres of high luminosity stars are more complicated to be described by the classical theory of stellar photospheres. Recent observations revealed that H 2 O and CO are in fact found not in the photospheres but in the warm molecular layers extended out to ≈ 1.5 R * in M giant and supergiant stars (e.g., Ohnaka 2004; Montargès et al. 2014 ). Moreover, it was found recently from the aperture synthesis imaging of Betelgeuse that such molecular layers or clouds are asymmetrically extended and show large scale time-dependent dynamical structure (Ohnaka et al. 2011 ). Thus, interpretation of H 2 O spectra in red giant and supergiant stars would require hybrid model atmosphere consisting of components with different dynamical characteristics, and H 2 O spectra will serve primarily as probes of the outer atmospheric structure of high luminous cool stars.
Concluding Remarks
We have shown in the present paper and in Paper I that CO and H 2 O spectra of M dwarfs can be excellent abundance indicators of carbon and oxygen, respectively, and carbon and oxygen abundances in dozens of M dwarf stars have been determined rather well. This conclusion may appear to be somewhat unexpected in view of the difficulties so far experienced in the attempts to analyze the spectra of M dwarfs. However, a new possibility of determining chemical abundances in cool dwarf stars has been opened by the recent progress as follows:
First, the progress in observations is remarkable. For examples, infrared spectra of high quality can be obtained by the use of new infrared detectors, fundamental parameters such as the effective temperatures are determined from the directly measured angular diameters, and high precision photometric and astrometric data on M dwarfs are available especially from the space observations. Second, the traditional abundance analysis appears to be difficult in M dwarfs whose continuum levels are depressed by the numerous molecular lines. However, given that the pseudo-continuous levels defined by the numerous molecular lines can be evaluated accurately with the use of the recent molecular database, spectral analysis referring to the pseudo-continuum results in an identical result with that referring to the true-continuum, as we have shown in the present paper.
Third, abundance analysis depends on model photospheres, which are unfortunately by no means perfect yet because of the extreme complexity of the real photospheres. For this reason, it is useful to do abundance analysis to be free from imperfect modelling of the photospheric structure as far as possible. In the photospheres of M dwarfs, CO abundance is identical with the abundance of carbon itself in almost all the M dwarfs and H 2 O abundance is almost the same with A O − A C except for early M dwarfs (subsection 6.1). Then, CO and H 2 O abundances depend little on the model applied. For this reason, carbon and oxygen abundances can best be determined in M dwarfs rather than in other types of stars.
Thanks to the favorable conditions noted above, the abundance analysis of M dwarfs based on CO and H 2 O has been done rather well within the framework of the classical LTE analysis. This shows a marked contrast to the case of molecular spectra in high luminous cool stars including K -M giant and supergiant stars, in which classical LTE analysis encountered serious difficulties (subsection 6.4). As expected, LTE analysis is applicable to the high density and compact photospheres of low luminous stars rather than to the low density and extended atmospheres of high luminous stars. Although we certainly hope that the analysis of molecular spectra can be done consistently both in low and high luminous stars in the near future, we now take the advantage that the spectra of M dwarfs can be analyzed on the basis of the well established classical theory of spectral line formation, and we hope that M dwarfs will be used more widely as the probes of the chemical abundances in the Universe.
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Appendix 1.
The AllWISE vs. the WISE AllSky Catalogs
The absolute magnitudes at 3.4 µm, M 3.4 , based on the WISE W 1 fluxes given in the AllWISE Catalog are shown in Tables 10 and 11 , while those in the WISE All-Sky Release were shown in Tables 3 and 4 of Paper I. The M 3.4 − logT eff plots based on the data in Tables 10 and 11 are illustrated in Fig. 18 and the dashed line is the exact copy from that given in Fig. 1 of Paper I. As noted in section 2, the dashed line fits the plots in Fig. 18 quite well, and can be applied to the data of both the AllWISE and the WISE All Sky Catalogs.
----------------------- Fig. 18 : The absolute magnitude M 3.4 based on the AllWISE Catalog plotted against log T eff (p.26). Table 10 : M 3.4 and T eff based on the interferometry (p.35). Table 11 : M 3.4 and T eff based on the infrared flux method (p.35).
- Table 3 are shown for the corresponding mini CG. The filled circle on each mini curve-of-growth indicates the observed value of log (W/λ) obs (from Table 3 and read on the ordinate) and the resulting value of the abundance correction ∆log A O (read on the abscissa and plotted on Fig 5d  by filled circle) . Table 6 for six selected M dwarfs: a) GJ 338B (dM0.5) . b) GJ 229 (dM2.5). c) GJ 526 (dM3). d) GJ 797B-NE (M2.5). e) GJ 324B (M4). f) GJ 777B (M4.5). The observed spectra of the four stars normalized by their pseudo-continua (dashed lines) in Fig. 2 are shown here re-normalized by their true-continua estimated by applying the pseudo-to-true continua ratios of the model spectra. In this way, the depressions of the continuum levels of the four stars are estimated even though the true-continua can never be seen on the observed spectra. Fig. 6 for the same objects, larger numbers of blends can be used especially for later types. Fig. 11 . Comparison of observed (filled circles) and predicted (solid lines) spectra based on the oxygen abundances determined from H 2 O blends in the region B for six M dwarfs: a) GJ 797B-NE (M2.5). b) GJ 687 (dM4). c) GJ 324B (M4). d) GJ 777B (M4.5). e) GJ 611B (M4). f) GJ 406 (dM6.5). The strong feature at 22614Å in each observed spectrum is due to Ca I line. But this Ca I line is not included in our line-list and the feature at the position of the Ca I line on the predicted spectra is not due to Ca but to H 2 O.
[Vol. , (5) and (6), respectively, in the text. If almost all the carbon atoms are in CO (i.e., if CO is the major species of carbon), y(CO) ≈ A C . If almost all oxygen atoms left after CO formation are in H 2 O (i.e., if H 2 O is the major species of oxygen), y(H 2 O) ≈ A O − A C . It can be confirmed that CO is the major species of carbon in all the models and H 2 O in the models of T eff < ∼ 3400 K. in M dwarfs and the Sun. The oxygento-iron ratio of the classical oxygen abundance (Anders & Grevesse 1989) follows the general trend shown by the M dwarfs (⊙ marked with 1), but that of the recent downward revised result (Asplund et al. 2009 ) does not follow the general trend (⊙ marked with 2). Thus, if the recently recommended low oxygen abundance is correct, the solar oxygen abundance is atypical for its metallicity. [Vol. , Ref. B06 B07 B08 B09 B10 B11 B12 B13 B14 B15 B16 B17 B18 B19 B20 B21 B22 B23 B24 B25 B26 Table 4 [Vol. , -3.236 -0.175 -3.111 ± 0.014 11 8.007 3.314 13.338 * from Paper I. † The correction to be applied to the initial assumed value of log A 0 O = log A C +0.30. ‡ Number of H 2 O blends used in the analysis (see Table 3 as for the Ref. Nos. and EWs of the blends used). § χ 2 value for the fitting of the predicted spectrum with log A A O -0.05 and the observed one. χ 2 value for the fitting of the predicted spectrum with log A A O in the fourth column and the observed one (see Fig. 7 ). # χ 2 value for the fitting of the predicted spectrum with log A A O + 0.05 and the observed one. Table 6 ). † The correction to be applied to the initial assumed value of log A 0 O = log A C +0.30 (log A C is from Paper I and reproduced in the second column of Table 6 ). ‡ Number of H 2 O blends used in the analysis (see Table 5 as for the Ref. Nos. and EWs of the blends used).
[Vol. , -3.41 ± 0.10 -3.14 ± 0.05 0.28 GJ 797B-NE -3.54 ± 0.09 -3.28 ± 0.03 0.25 GJ 797B-SW -3.51 ± 0.09 -3.26 ± 0.03 0.25 GJ 809 -3.55 ± 0.04 -3.37 ± 0.03A 0.18 GJ 849 ‡ -3.27 ± 0.09 -3.09 ± 0.02A 0.18 GJ 876 ‡ -3.36 ± 0.13 -3.14 ± 0.04 0.22 GJ 880 -3.35 ± 0.07 -3.18 ± 0.03A 0.17 GJ 3348B -3.40 ± 0.11 -3.08 ± 0.05 0.32 HIP 57050 ‡ -3.26 ± 0.12 -3.05 ± 0.04 0.21 HIP 79431 ‡ -3.24 ± 0.12 -3.11 ± 0.01A 0.12 the Sun1 § -3.44 ± 0.04 -3.07 ± 0.035 0.37 the Sun2 -3.57 ± 0.05 -3.31 ± 0.05 0.26 * from Paper I. † For the case with A attached, the same as log A A O in Tables 6. Otherwise, the weighted mean of log A A O and log A B O from Tables 6 and 7, respectively. ‡ Planet hosting M dwarf. § Anders & Grevesse (1989) . Asplund et al. (2009) . Anders & Grevesse (1989) 
